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 The Horizontal to Vertical Spectral Ratio (HVSR) of broadband seismometer 
recordings, was explored in this study as a means of characterizing the varying depth to 
bedrock beneath a glacial drift surface layer.  Data were collected using fifteen Guralp 
CMG-3ESPCD 3-component seismometers deployed from January 15, 2010 to March 
16, 2010 over the Stark-Summit gas storage field of Dominion East Ohio.   Using 
Antelope seismic analysis software, I used the  HVSR of these seismic data to evaluate 
the apparent resonance frequency of the glacial drift surface layer and its dependency 
upon the thickness and shear velocity of the glacial drift.  I also constructed a glacial drift 
thickness contour map in Arcview using bedrock depth information from the Ohio DNR, 
which was supplemented with additional new bedrock depth data in the area.  The 
bedrock depths vary significantly in the study area but the surface layer resonance 
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This project began with the intent to investigate the existence and nature of low-
frequency seismic anomalies that have been reported elsewhere over gas and oil fields.  
The project was changed to a site characterization study after discovering significant 
variations of the glacial till within the study site as well as the complexity of the bedrock 
topography.  Spectraseis, a leader in low frequency microtremor analysis for oil and gas 
exploration, loaned Wright State University seventeen three-component broadband 
Guralp seismometers in 2010.  Permission was given by the Dominion East Ohio Gas 
Company to deploy these seismometers over their Stark-Summit underground gas storage 
field located west of North Canton, Ohio.  The Seismometers were deployed and 
maintained for a period of eight weeks during the winter of 2010.   
Since my site is covered in unconsolidated glacial drift sediments over bedrock, I 
have decided to use the horizontal to vertical spectral ratio (HVSR) of the 3-component 
seismic data to examine its ability to define the drift thickness in such an area of 
significant variation in depth to bedrock.  Historically earthquake engineers have used the 
HVSR method to document surface layer resonance (Nakamura, 1989; Fäh, 2001; Gosar, 
2009).  The HVSR method has been established as a very useful tool to characterize the 
near surface, and is used extensively in earthquake damage potential assessments 
(Nakamura, et al. 1989) to determine if there is potential for seismic amplification with 




resonance in the surface layer could mask any potential signal emanating from a 
hydrocarbon reservoir at depth, which was the purpose of collecting these data originally.    
Therefore, in this study I examine the H/V ratio of these seismic data to characterize the 
thickness and shear wave velocity of the glacial drift at these sites in comparison with 
independent bedrock depth constraints in the area.  
The present study has three goals: 
(1) to document the variation and thickness of the glacial drift in the area of the 
2010 seismometer deployment across the Dominion gas storage field, and at the 
specific seismometer sites in particular.  This is to independently constrain the 
local thickness of a surface layer. 
(2) to examine the spectral effect of surface layer shear wave resonance upon the 
broad band data recorded at these sites, and the association of this surface layer 
resonance to drift thickness. 
(3) to utilize the best depth to bedrock measurement in calculating the Vs of the 
glacial drift at each site by the formula: ƒₒ=Vs/4h.  Where ƒₒ is the fundamental 
resonance frequency, Vs is the shear velocity, and h is the glacial drift thickness. 
 
1.1 Background 
1.1.1  Site Description 
The gas storage field operated by Dominion East Ohio Gas Company near North 
Canton, Ohio, lies within Summit and Stark Counties, specifically within the townships 




During the 1930’s the study area was the target of intense hydrocarbon 
exploration, especially natural gas.  However, in the 1960s this area was converted to gas 
storage (Tankersley, 1980; McCullough and Brignano, 1985;   Wytovich, 2010; The 
Spirit of Progress, 1988; From Gas Lights to New Energy Heights, 1998).  
1.1.2   Reservoir Lithology 
In this storage field, natural gas is stored in the Silurian “Clinton interval.”  The 
Clinton interval is an informal stratigraphic unit that lies between the Cincinnati Arch and 
the Appalachian Basin (Bonnine, 1915), varying in subsea depth from 1219 to 1615 
meters (Wytovich, 2010) underlying the Upper Dayton Formation (Packer Shell) at the 
Stark-Summit field.  In the study area, the Clinton interval has an average subsea depth of 
1590 meters and ranges in thickness from 18-34 meters.  Shale and sandstone bodies tend 
to pinch out resulting in complex, subtle stratigraphic traps, leading to reservoir 
compartmentalization (Walters, 1980; Wytovich, 2010).  The Clinton interval is followed 
by the lower basal unit of the Medina Sandstone and the lower tongue of the Cabot Head 
Shale.  The three subunits of the Clinton interval from bottom to top are known as the 













Figure 1: Typical gamma log showing the parasequences picked using Petrel.  
The White and Red Clinton are coarsening upward sequences.  





The White Clinton is a very fine- to fine-grained light gray sandstone interbedded 
with dark gray shales.  The sandstone units are usually massive with vertical fractures 
and with silica as the major cement type.  Locally anhydrite, dolomite, and calcite occur 
(Wytovich, 2010).   
The Red Clinton is a very fine- to fine-grained sandstone and coarse siltstone.  It is 
interbedded with clay and silty shale.  Clay content varies throughout.  Low clay content 
sandstone units are normally massive, with well-sorted pink to red grains with silica as 
the major cement type.  Locally hematite, anhydrite, and carbonate occur.  Hematite 
staining of clay grains is responsible for the red color of the unit.  Lithic fragments are 
prevalent (Wytovich, 2010). 
The Stray Clinton is very fine- to fine-grained cross-laminated sandstone.  It is 
interbedded with partings of dark gray silty shale and dolomite.  Clay content varies 
within this unit (Wytovich, 2010). 
1.1.3   Depositional History 
There are four interpretations for the formation of the Clinton Interval: 
 (1)   Overby (1971) stated that the interval was deposited at the end of the 
Taconic Orogeny when an influx of clastic material was shed into the basin.  A marginal- 
marine deltaic environment in regression is thought to be the setting for the deposition of 
the Red and Stray units. The presence of clastic fossiliferous limestones with a decrease 
in sediment grain size seems to point to a minor transgression that was thought to have 
interrupted deposition between Red and Stray units.  The Red Clinton may have been 
deposited as a delta bar or a beach complex. The Stray may have been deposited within 




(2) A second interpretation (Wagner, 1978) of the Clinton interval is also that of a 
marginal-marine environment, but it is a tide-dominated one.  It is believed to have been 
a tidal flat and subtidal channel facies.  The lateral migration of various tidal channels 
and regional basin subsidence may have caused fining upwards cycles (Wytovich, 2010). 
(3) A third interpretation (Motia, 1984) described the Clinton interval as complex 
sub-environments of the same delta system. The White Clinton was described as being a 
delta front deposit within a marine environment, the Red Clinton as a transitional phase, 
and the Stray a subaerial deltaic plain facies of the same complex delta system 
(Wytovich, 2010).    
(4) A fourth interpretation (Keltch, 1985) considered the deposition of the Clinton 
interval beginning with a transgression that resulted in the formation of the underlying 
Lower Cabot Head Shale.  The delta front and the delta plain created the White and Red 
Clinton strata as erosion of the Taconic orogen brought sediments from the east.  
Progradation of the deltaic system was manifest by the Red Clinton.  A decrease in 
sediment supply with marine transgression quickly followed the deposition of the Red 
Clinton interval.  These sediments were then reworked to form the Stray Clinton interval.  
The marine shales of the upper Cabot head and Shelf Limestone of the Dayton Formation 
were brought about by the continuation of the transgression (Wytovich, 2010). 
1.1.4   Glacial Depositional Environment 
Pleistocene glaciations covered the site with varying types and thicknesses of 
glacial drift.  These various deposits and drift Vs (shear velocity) will affect the 




The four main types of glacial deposits are till, lacustrine, outwash, and ice-
contact.  Buried valleys are ancient stream and river channels that are filled now with 
these deposits. These deposits can vary greatly in sequences and thicknesses.  Hummocky 
terrain is caused by kame deposits that lie under surface till (Angle, 2003).  The most 
prominent of these kame deposits are likely related to the Kent and Navarre Till.  The 
Navarre is loose, sandy, and stony with lenses of sand and gravel scattered throughout.  
The composition of the Kent Till is very similar to the Navarre Till. The Hiram Till 
differs from the Kent and Navarre in that it is mostly silty to clayey and has very few 
pebbles.  The Hayesville Till is dense, clayey to silty, with a fair amount of pebbles.  To 
complicate things further, smaller isolated peat deposits are found around Portage Lake.  
Lacustrine deposits are scattered around the site left by ice-dammed lakes during various 
glacial stages.  The map in Figure 2 (Williams, 1991) shows the ice advances during the 
Pleistocene Epoch that have left behind one of the more diverse glacial till deposits 
anywhere in Ohio as depicted in Figure 3 (Angle, 2003).  The generalized stratigraphy of 
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Figure 2.  This map shows the extent of glacial deposits in the vicinity of the study site 







                          
Figure 3.  This figure shows the general buried valley depositional environment found 
within the study site.  An extensive network of pre-glacial and interglacial rivers created 
the buried valleys that down cut into the bedrock. The sediment thickness in one site a 
few meters from a second site can change quickly (Angle, 2003). 
 
 The selected site sits within the Kent Interlobate Moraine which lies between the 
Grand River and Killbuck Lobes.  The structures represented within the interlobate 
moraine are Pre-Illionian kames and eskers, and Illinoian outwash and hummocky 
moraine.   
1.1.5    Seismometer Locations  
 Permission was granted by the East Dominion Ohio Gas Company to conduct 
investigations in the Stark-Summit gas storage near North Canton, Ohio.     
Figure 4 shows a Google Earth aerial photo of the seismometer site locations. The 
station numbers are not sequential as the locations are from among a larger set of scouted 





possible locations.  Table J.1 shows latitude and longitude coordinates and OSPN for 
each of the seismometer sites.  For complete descriptions of each of the seismometers 
sites see Appendix A.
 
 
Figure 4.  Google Earth Aerial Photo showing seismometer locations. 
 
 
1.1.6   Dates and Times of Operations 
Table J.2 shows dates and times of operations.  Data collection and battery 









2.0   DATA COLLECTION AND ANALYSIS 
Data were downloaded weekly for a total period of eight weeks and comprise 
approximately 10 gigabytes of data.  Antelope was the primary computer program used in 
conjunction with a C-program written by Dr. Watts.  The Horizontal to Vertical power 
spectra were analyzed in a frequency range of 1-50 Hz.   
 Wave forms were examined and noise spectra were generated in order to identify 
prime dates and times on which to focus.  Two-dimensional plots were then generated 
using the C-program written by Dr. Watts to display the information. 
 2.1 Seismic Data Acquisition 
 The data analyzed in this study were a broadband passive seismic data set 
collected across a gas storage field.  The series of seismic stations (Fig. 4) forms a 
general N-S transect of the Stark-Summit Gas Storage Field.  Each location was picked 
for its likely low anthropogenic noise level and ease of access.   
The seismometers were deployed from January 16, to March 5, 2010.  They were 







Figure 5.  Guralp CMG-3ESP installed in station pit. 
 
Each seismometer (Fig. 5) was placed and leveled on an aluminum platform firmly 
seated at the bottoms of a hole dug approximately 0.5 m x 0.7m and 0.3m deep.  A GPS 
antenna and a power/data cable were connected to the seismometer.  A deep cycle battery 
provided power, and parameters were set by laptop computer using Guralp’s SCREAM 







Figure 6. Dr. Hauser setting seismometer parameters using SCREAM software running 
on the laptop on the folding chair, prior to covering and burial. 
 
 
A plastic tub was then inverted into the hole covering and protecting the 
seismometer.  Straw was placed around the tubs (to reduce the difficulty later digging 
frozen earth) and the hole was covered with plywood, a sheet of plastic, and then the 





Figure 7.  Seismometer pit covered and data is being collected. 
 
2.2 Data Processing 
The miniseed (msd) files downloaded from the seismometers were converted to 
wfdisc database with Antelope software.  Antelope was used to calculate the power 
spectrum of the seismic background on each of the channels, using a time window of 
3600 seconds.   The Antelope display shows the power spectrum as well as the time 
series being analyzed.  Spectra files are then organized into their components with a C-
program written by Dr. Watts and saved as spectral analysis files, which are opened as 
text (.txt) files and plotted using the Sigma Plot program.  These files are displayed as 2-





2.3 Data Selection 
 Specific days and hours were chosen by observing the waveforms, noise spectra, 
and atmospheric conditions in order to identify the quietest time periods as well as the 
noisiest time periods.  Other criteria considered were human activity surrounding the site 
as well as a common quiet and a common noisy time found for as many sites as possible. 
A quiet hour and noisy hour were chosen across all of the sites. 
 Site 09 (Fig. 8) illustrates the general seismic signal seen at various hours and 
days due to its having the longest, uninterrupted operation, showing similar traits to other 
sites, and lacking an excessive amount of noise.   
 
Figure 8. QUIET HOUR is shown by red lines at site 09, 3 February 2010                   
Wednesday 12 am – 1 am. On the left side of the graph, the components are labeled.  
HHE is the East component, HHN is the North component, and HHZ is the Vertical 
component. A indicates a noise spike, and B indicates a long noise burst. 
 
When picking a quiet hour I avoided noise spikes (Fig. 8) on channel HHE and long 
noise bursts (Fig. 8) as seen clearly on channel HHZ.   Also I avoided days of the week 






for detailed analyses when people and traffic are more active.   I checked for long noise 
bursts on channel HHZ (Fig. 9) which extends over approximately an hour.  These I 
avoided as singular events.  For this study I have chosen the hour of 4 AM – 5AM 
because this hour across the sites is the quietest common hour.  See Figure 9. 
 
 
Figure 9.  Twenty-four hour recording at Site 09 beginning 1 March 2010 Monday 8 AM 
and ending Tuesday 6 AM.  Noise burst shown between the red lines between 3-4PM 
local time.  On the left side of the graph the components are labeled.  HHE is the East 
component, HHN is the North component, and HHZ is the Vertical component. 
 
   I needed to select a noisy hour of the day to compare to the quiet hour selected.  
This allowed me to observe any changes in the H/V spectral ratio.  The days of the week 
such as Monday through Friday were chosen because of the normal work week most 
people follow.  Hours of the day to choose should be daylight hours when people are 








Figure 10.  VEHICLE NOISE:  Twelve hour recording at site 09 beginning Thursday, 11 
February 2010, at 11 PM and ending on Friday, 12 February 2010, 12 AM. Vehicle 
noise is shown between the red lines.  On the left side of the graph the components are 
labeled.  HHE is the East component, HHN is the North component, and HHZ is the 
Vertical component. 
 
Figure 10 shows vehicle noise, which is easy to identify because the noise burst rises and 
descends slowly over a short period of time, for a single vehicle with the event lasting 
around one minute.  Vehicle noise could be used to define a noisy hour.      
 
Figure 11.  Service Break shown between red lines at Site 09 29 January 2010 Friday 
9:30 – 11am.  On the left side of the graph the components are labeled.  HHE is the East 
component, HHN is the North component, and HHZ is the Vertical component. 
 
A service break is easy to identify because of the gap in data acquisition, as well as 
planned interruption dates and times as is shown in Figure 11.  This is avoided for both 





Figure 12.  Data showing arrival of waveforms from the Chile Earthquake at Site 09 26 
February 2010 Friday 9 PM – 27 February Saturday 7AM local time.  On the left side of 
the graph the components are labeled.  HHE is the East component, HHN is the North 
component, and HHZ is the Vertical component. 
 
Seismic background (earth noise), specifically an earthquake, is easy to identify 
because of its sharp appearance, the duration of the event and a well-documented 
morphology.   Figure 12 shows waveforms produced by a large earthquake in Chile 
recorded at Site 09.  Seismic noise is avoided for noisy hour consideration as it is a 
singular event.  I required consistent data over the duration of the study for the most 
consistent noise spectra.   
2.4 Analysis of Spectra of Recorded Waveforms 
I determined the frequency spectrum of the passive seismic data, in the 1-50 Hz 
range, (i.e. the bandwidth in which the H/V peak frequency associated with surface wave 
resonance occurs).  Initially, software written by WSU Research Associate, Dr. Naum 
Gerzhenson, was used to analyze the data.  Subsequently, the Antelope seismic analysis 
software provided by the IRIS consortium, used largely in earthquake research, was used 
as the data analysis platform. A general inventory of seismic spectra was analyzed to 
identify any resonant seismic signal spatially associated with the known gas reservoir.  I 
focused on all seismic stations recording from 4:00-5:00 am local time on Sundays over 
Primary Body Wave 





the months of January through March as shown in Appendix B. Next data were selected 
for all stations for a specific time in the culturally quiet early morning hours locally, as 
well as a noisy hour, typically early afternoon for a specific day common to most sites.  
The quiet hour chosen is 4:00 – 5:00 am local time.  The noisy hour chosen is 1:00 – 2:00 
pm local time as shown in Appendix C.   Also I observed the diurnal changes over the 
course of twenty-four hours at Site 09 as shown in Appendix D.  Quiet hours and noisy 
hours are compared over the course of one week at Site 09 as shown in appendix E.  I 
also took into consideration weather patterns and wind gusts as shown in Appendix H.   
Upon further investigation, strong H/V peak frequencies were identified.   A peak 
frequency associated with surface wave resonance has been shown to depend on glacial 




















3.0 GLACIAL DRIFT THICKNESS 
The thickness of the glacial drift that covers the study site must be addressed 
carefully.  The Ohio Geological Survey has published maps of overburden thickness and 
depth to bedrock across the state (Powers et al., 2002, 2004).  The difficulty lies in the 
accurate determination of depth-to-bedrock within this study site because of the glacial 
depositional environment.  The presence of buried valleys means that there can be 
extremely abrupt thickness variations of glacial drift (e.g., a site might have a depth-to-
bedrock of 5 meters, but nearby, another site could have a depth to bedrock of 60 meters).   
3.1 Collecting Drift Thickness Measurements 
Glacial drift depth points were identified from water well records, coring records, 
bridge boring, and gas and oil well records from within the Dominion East Ohio gas 
storage field site.  Additional company gas, oil, and storage well records within the study 
site were examined.  The drillers’ notes and records were collected and read to find any 
mention of till, glacial deposits, or drift.  Only the records that had such deposits 
mentioned were used.  It is found that the actual measured glacial drift points are very 






3.2 Collecting Elevation Data 
 Glacial drift thickness was independently determined with a database provided by 
Jim McDonald of the Ohio Division of Natural Resources Geology Division. The 
majority of these points of glacial drift are calculated.   For that map a smoothed 
surface was determined through the bedrock elevations of scattered known points.  
The drift thickness at all points was then determined as the difference between this 
elevation and the topographic surface elevation.  Therefore, the drift thickness map 
exhibits a strong similarity to the present topography.  In the absence of actual depth 
to bedrock observations at or near a seismometer site, the best I can establish the 
depth to bedrock (i.e., drift thickness) at each seismometer location is by subtracting 
the bedrock elevation provided by the Ohio Division of Natural Resources (ODNR) 





Figure 13.  Ohio Division Natural Resources Bedrock Topography raster map with data 
points shown depicted by blue diamonds and the site locations depicted by purple 
diamonds.  The darker pixels have lower elevation values than the lighter pixels. 
 
The ODNR Bedrock Raster map interpolates values between known points of bedrock 
elevation.  Since the values of the pixels I used from the ODNR Bedrock Raster map 
were interpolated it stands to reason that the glacial drift measurements derived might not 
completely accurate.  I will, however, refer to this measurement as Extrapolated Glacial 
Drift Thickness.   I will be comparing this measurement to another calculated 
measurement that I will refer to as Calculated Glacial Drift Thickness. 
An ArcGIS map was generated using Dominion well logs, ODNR gas and oil well 
logs, and extrapolated glacial drift measurements (bedrock elevations subtracted from 




ArcGIS using natural neighbor interpolation. The seismometer sites were then added as a 
separate layer as is shown in Figure 14.  I have provided in Figure 14 the best possible 
glacial drift thickness map for our study site in order to proceed with evaluating the near 
subsurface.  My goal is to add to this map additional information about the subsurface 
using the spectral characteristics of the passive seismic data.  A large H/V ratio due to 
surface wave resonance can indicate a concave (downward) structure within the bedrock 
(Rial, 2011).  Parolai (2002) has shown that the type of material the shallow subsurface is 
















4.0   SURFACE RESONANCE 
4.1 Passive Seismic Acquisition 
Passive monitoring of ambient vibrations was conducted in buildings as early as 
the 1890’s by the Japanese seismologist, Fusakichi Omori (Davison, 1924).  The interest 
in this research waned until the 1930’s, when interest was stimulated in California due to 
earthquake damage of buildings (Carder, 1936).  Ambient vibrations were recorded 
within multiple buildings and the data collected were used in establishing building codes.  
Interest lagged again until the 1950’s, when earthquake engineers started using the 
method again (Kanai and Tanaka, 1961).   The problem they encountered was that the 
clocks used in conjunction with the seismometers were not precise enough to use the 
proposed method effectively (Aki, 1957).  However, other methods such as forced 
vibration techniques tended to replace ambient methods even though it was proven by 
Trifunac (1970) that ambient and forced vibrations give essentially the same results.  The 
HVSR method is used extensively in earthquake damage potential assessments 
(Nakamura, et al., 1989) to determine if there is potential for resonance with surface 






4.2 H/V Spectral Ratio 
Nakamura (1989) used the Horizontal to Vertical Spectral Ratio (HVSR or H/V 
signal) to derive resonance frequency of natural surface waves to infer depth and shear 
velocity of the near-subsurface.  This method relies on the premise that certain 
wavelengths of surface waves resonate with certain depths and shear wave velocity 
structure.  The shallow subsurface is characterized by examining the power spectra of 
ambient vibrations.   Most of the interest in monitoring the natural seismic background up 
to this point was for the study of earthquake seismology.   




√𝐻𝑛   2 +  𝐻𝑒2
𝑉
      
H is the square root of the sum of the power spectra of the horizontal channels of the 3- 
component seismometer.  Hn is the power spectra of the horizontal north/south channel.  
He is the power spectra of the east/west channel.  V is the power spectra of the vertical 
channel.  The H/V ratio can tell many things about the near surface S-wave velocity 
structure and the thickness of its unconsolidated materials and is used in site-effect 
studies.  The most widely accepted theory involves surface waves which when traveling 
through sediments produces a positive H/V spectral peak at the fundamental frequency of 
the S-wave velocity (Gosar, 2009).   According to Bard (2004) a broad peak 





Figure 15.  H/V Spectral Ratio for Site 19, February 21, 2010 at 4-5 AM. 
 
 
Figure 16.  H/V Spectral Ratio for Site 20, January 24, 2010 at 4-5 AM. 
 
If double peaks exist as Figure 16 shows, it could indicate “…a) shallow, soft deposits, b) 



































Another feature to look for in a graph is a peak that is followed by a trough that 
bottoms out below 1.0 amplitude and occurs at approximately two times the frequency of 
the peak as illustrated in  Figure 17.  The frequency of this peak is known as the 
fundamental resonance frequency ( 𝑓𝑜 ).  This peak/trough feature also indicates a surface 
layer that has a slower shear wave velocity than the layer that lies beneath it.   
 
Figure 17.  Reference H/V Spectral Ratio. 
This top layer can be prone to ground motion amplification (Davenport, 2005).   Glacial 
drift is one type of material that is prone to ground motion amplification.   
Specifically Figure 18 shows site 04 on March 3, 2010 between 4am – 5am.  The   
𝑓𝑜 (fundamental resonant frequency) is at 5.8Hz, with a trough at 10Hz.  Appendix F 
shows Hand Traced Graphs that clearly defines the fundamental resonance peak and 
trough.  Appendix G shows typical results from our analysis of the H/V ratio from all 




































Figure 18.  H/V Spectral Ratio for Site 04 February 3, 2010 from 4-5 AM. 
Table J.3 shows Glacial Drift Thickness and Fundamental Resonant Frequencies for each 
site.  Another aspect of the fundamental resonant frequencies is the amplitude or H/V 







































                 5.0   INTERPRETATIONS OF DATA 
5.1   Bedrock Contour Elevations 
Bedrock topography is considered here because it has been shown in past studies 
that irregularities in the bedrock topography can influence the resonance of the shallow 
surface (Rial, 2011).  A concave (downward) bedrock structure is suggested to have 
amplified resonance because this type of structure traps seismic waves both horizontally 
and vertically in a constructive manner.  Convex (upward) bedrock structures tend to 
reduce amplifications as they scatter the waves and disrupt constructive interferences 
(Rial, 2011).  We see that Sites 05, 09, 20, 28, 41, 42, and 44 sit on the sides of deep 
valleys that can be considered 2-D concave structures, as is shown in Figures 19 – 21.  
These figures are shown for a general overview of the bedrock topography. The contour 
maps depicted in Figures 19-21 were created from the ODNR Bedrock Topography 
Raster map database provided by Jim McDonald of the Ohio Division of Natural 
Resources Geology Division.   Actual measured glacial drift within the study site is 
scarce.   
Contour lines were chosen to display the topography.  The seismometer locations 
are depicted with green squares.   The locations of known actual glacial drift 
measurement and are depicted with red triangles.  These figures reflect the best maps I 





Figure 19.  Bedrock Topography Contour map displaying bedrock elevations with 
seismometer locations, sites 04, 05, 08,09,10,13, 19, 20, 22, 28, 41, and 42.  The sites are 
depicted by the green squares, and the red triangles depict locations of known glacial 
drift measurements. 
 
 In Figure 19, there is clearly a valley located between sites 09 and sites 41 and 42.  
Site 20 sits on the steep side of a valley whereas  site 19 sits higher up on the side.  Site 
10 is sitting on a higher and flatter terrain as compared to sites 5, 41 and 42.  Sites 8, 22, 
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Figure 20.  Bedrock Topography Contour map displaying bedrock elevations with 
seismometer location, site 40.   The site is depicted by the green squares, and the red 
triangles depict locations of known glacial drift measurements. 
 
 Figure 20 shows that site 40 is sitting high on the side of a valley.  This figure 
also shows how sparse the information on glacial drift is in the area. 
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Figure 21.  Bedrock Topography Contour map displaying bedrock elevations with 
seismometer locations, sites 44 and 45.  The sites are depicted by the green squares, and 
the red triangles depict locations of known glacial drift measurements. 
 
 Figure 21 is showing how high up on the sides of a valley Sites 44 and 45 sit.  It 
also shows how little is known about the actual drift thickness in the area, with only three 
actual measurements taken within the vicinity of the sites.  The H/V ratio of 25 or less 
corresponds to sites that sit high on the valley banks.  Please refer to Table J.3.   
5.2 H/V Spectral Ratio Resonance Frequency and 
Glacial Drift Thickness 
 The fundamental resonance frequency at most sites (Appendix F), shows a trough 
that appears after the H/V resonance frequency.  This is thought to be due to the 
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destructive interference of the surface waves.  The frequency band that occurs between 
the fundamental resonance frequency and the trough is thought to be dominated by the 
fundamental-mode Rayleigh wave.  The shear wave velocities and sediment layering 
influence the position of the trough, while the bedrock velocity has a smaller effect on the 
amplitude of the trough (Fäh, 2001).  However, the trough is not always apparent as the 
surface shear (Love) wave blurs the H/V ratio (Fäh, 2001).  Hand traced spectral ratios 
were used to emphasize the peaks and troughs more clearly as is shown in Figure 22. 
Additional figures for each site found in Appendix F.   
 
Figure 22.  H/V Spectral Ratio for Site 04 February 3, 2010 from 4 – 5AM. 
 
 
Table J.4 contains a summary of the H/V fundamental resonance frequencies with 
H/V ratio amplitude, trough frequencies, as well as the observed drift thickness and a drift 




 The peak frequency associated with surface wave resonance is dependent upon 
glacial drift thickness.  In Figure 23 this relationship is shown by the power function 
equation:  𝑦 = 𝑎𝑓𝑜
𝑏 , according to Parolai (2002) and Ibs-von Seht and Wohlenberg 
(1999).    Here y is the glacial drift thickness,  𝑓𝑜 is the fundamental resonant frequency, a 
is a constant, and b is the exponent.  Peak frequency from our seismic stations is plotted 
against glacial drift thickness in Figure 23.  A trend line was fit in order to obtain the 
slope and intercept to determine a and b respectively.  A nonlinear regression of the 
equation was performed (Parolai, 2002).  I arrived at the equation:  y = 198.15ƒₒ-1.645 for 
our particular study site.  I used this equation to arrive at the values I labeled Calculated 
Regression Glacial Drift.  In Figure 23, I added other equations that had been used in 
similar environments for comparison.   I used y = 108ƒₒ-1.551   from Parolai (2002) and  
y = 96ƒₒ-1.388 from Ibs-von Seht and Wohlenberg (1999).  I also focused on removing the 
two outlier sites (04 and 40), within my original data set.  The equation for this new 
glacial drift thickness is y = 1382.81ƒₒ-1.283.   I labeled these values Calculated No Outlier 





Figure 23.  Frequency plotted against Glacial Drift Thickness. 
 
The relationships that are shown in Figure 23 are that as glacial drift increases in 
thickness the peak frequency will move towards lower frequencies (Parolai, 2002) and 
that Parolai’s (2002) and Ibs-von Seht and Wohlenberg’s (1999) equations underestimate 
the glacial drift thicknesses in our field area.  It is also noted here that Site 40 and Site 04 
are considered outliers within this method of determining glacial drift thickness.  The 
calculated no outlier regression drift equation may come closer to the true glacial drift 
values in our field area both above and below 30 meters.  Until definitive values for 
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glacial drift thickness at these sites becomes available, I still prefer to use the calculated 
regression glacial drift equation since it incorporates all values of resonance frequency at 
each site.  Table J.4 shows a summary of H/V Peak and trough frequencies, H/V ratios of 
resonance frequencies, and trough frequencies with extrapolated glacial drift thickness, 
calculated regression glacial drift thickness, and calculated no outlier regression glacial 
drift thickness. 
Figure 24 shows the comparison of H/V ratios of H/V Peak Resonance 
Frequencies and Fundamental Resonance Frequencies across six sites that traverse across 
a buried valley within the study site. 
 
















































Figure 25 is a cross-section of the buried valley that is shown in Figure 19.  The 
cross-section is used to conceptualize the data of the sites that sit on the flat level banks, 
on the sides of the buried valley, and over the deepest part of the valley.   
 
 
Figure 25.  Cross-Section of Sites and Corresponding Resonance Frequency (ƒₒ) and 
H/V Ratio. 
 
5.3  Half-Width 
Another characteristic of the H/V resonance frequency curve that may relate to 
bedrock topography is the half-width of the H/V spectral peak.  The method for 
determining half-width is indicated in Figure 26.  The first step is to determine the 
maximum H/V Ratio of the resonance frequency, this is 20 drawn with a red line in 
figure 26.  The second step is to determine one half of the value of step one, which is 10 
in figure 26.  The third step is to draw a straight line from the one half value (10) across 
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the resonance frequency curve.  This is done with the green line shown in Figure 26.  The 
fourth step is to identify where the green line intersects the fundamental resonance 
frequency curve.  Two small red lines are drawn from the intersection point to the 
Frequency axis.  The amount of spread between the two red lines is the Half-Width in 
units of frequency as is shown in figure 26.   
 
Figure 26.  Diagram of H/V analysis depicting the Half-Width observations. 
Figures 27 and 28 show how hard it is to accurately define the Half-Width and the 
variety of the fundamental resonance frequency curves found within the study site.  
Appendix H shows the H/V spectral peak and half-width determination for each site.  
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Figure 27.  H/V Spectral Ratio for Site 05 February 3, 2010 from 4 – 5AM.  Depicting 




Figure 28.  H/V Spectral Ratio for Site 08 February 3, 2010 from 4 – 5AM.  Depicting 





































Figure J.4 shows a summary of resonance frequency, H/V ratio, calculated glacial drift 
thicknesses, and Half-Width descriptions.  
 Sites with a Half-Width of 3 Hz, or less, typically have large H/V ratios and 
glacial drift thicknesses are greater than 20 meters.  The exceptions to this are sites 13 
and 45.  Sites with a Half-Width spread of 3 Hz, or greater, tend to have less than 30 
meters of glacial drift thickness.  Where the Half-Width is less than 2.0 Hz the H/V ratios 
tend to be greater than 20.  And where the Half-Width is greater than 2.0 Hz the H/V 
ratios tend to be less than 20.  The exceptions to this are sites 44, 20, and 22. 
Comparing the half-width data to the ODNR bedrock topography contour maps 
(Figs. 18-20), I can infer a relationship between H/V ratio, half-width, and bedrock 
topography.  Sites over or near concave structures within the bedrock (i.e., bedrock 
valleys) appear to exhibit lower Half-Width and higher H/V ratios than sites elsewhere.  
This result supports the contention by Rial (2011) that the resonance frequency will have 
higher amplitudes or H/V ratios over concave structures within the bedrock. 
Two pairs of sites (19, 20 and 44, 45) can be instructive.  Each pair of sites lies 
close together on the map but Sites 20 and 45 appear to lie relatively closer to a concave 
structure.  As shown in Table 2, a higher H/V ratio and narrower Half-Width of the 







Site 19, 20, 44 and 45 Half-Width Characteristics 
 Half-Width H/V ratio 
Site 19: 4.1 5 
Site 20: 2.3 60 
Site 44: 2.2 50 
Site 45: 1.6 70 
Table 2. 
 
5.4 Shear Wave Velocity (Vs) 
Another function of resonance frequency and glacial drift that can be calculated is 
shear wave velocity.  I have found a simple relationship between the frequency of H/V 
peaks and thickness of overburden and shear velocity at the various locations.  
Earthquake engineers have used a well-known relation among fundamental 
resonance frequency (ƒₒ), glacial drift thickness (h), and shear wave velocity (Vs) in the 
equation:  ƒₒ= Vs/4h, (Parolai, 2002).  I have used the drift measurement calculated by 
the equation, y = 198.15ƒₒ-1.645.  I use this measurement because it is based upon all sites’ 
information and it calculates drift from an actual measurement at each site, resonance 












Figure 29.  Shear Wave Velocity vs. Glacial Drift Thickness Depth.  VSS, very soft soil; 
SS, soft soil; StS, stiff soil; R, rock.  (Modeled after Figure 6 of Parolai, 2002). 
 
 
Figure 29 shows the relationship of calculated regression glacial drift, 
extrapolated drift, and calculated no outliers regression glacial drift and shear velocity.  
The values of velocity can indicate what material lies beneath the surface. This is useful 
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are focused on shallow (≤ 30 meters) depths.  This is the depth at which most of the 
damage that is done to infrastructure occurs.  Two seismic investigations were done in 
Ohio by the Ohio Division of Natural Resources (Larsen, et al., 2006, 2010).  One 
investigation was performed northeast of the study site and another was performed 
southwest of the study site.  The first investigation was performed in an area lying 
northeast of the study site, within the county of Geauga, in the township of Montville 
(Larsen, et al., 2006). The second investigation was performed in an area lying southwest 
of the study site, within the county of Knox, in the township of Morgan (Larsen, et al.,   
2010).  The shear velocities of the shallow subsurface (≤ 30 meters) found within these 
study sites range from 406 to 734 m/s.  My shear velocities range from 210 to 360 within 



















6.0 SUMMARY AND CONCLUSION 
 6.1 Summary 
Long period passive seismic monitoring of the East Dominion Gas Company 
storage field located in Canton, Ohio, was implemented to characterize the subsurface of 
a glacial depositional environment.  Fifteen sites were chosen and monitored.  It was 
shown that 2-D structures within the study site had influenced the data obtained.  This 
made it necessary to first document the variation and thickness of the glacial drift. 
I started with the data I have  available to me which is the elevation of bedrock 
supplied by the ODNR through their bedrock topography raster map, and also 
incorporated my own elevation measurement at each site.  By subtracting the bedrock 
elevation from the surface elevation, I obtained a glacial drift depth that is only as good 
as the interpolated data could afford.  From this vantage point, I was able to apply a non-
linear regression line to obtain the equation, y = 198.15ƒₒ-1.645.  Table J.5, H/V Peak 
Resonance Frequency (𝑓𝑜), displays the actual measurement of fundamental resonance 
frequency found at each site.  With this measurement several characteristics of the 
shallow subsurface can be calculated such as glacial drift and the shear velocity after 
applying the HVSR (Horizontal to Vertical Spectral Ratio) method to the data. 
Table 3 titled, SUMMARY, displays the result of the non-linear regression 




measurement and is shown in Table 3 as Calculated Glacial Drift Thickness.  It is shown 
that higher resonance frequencies correlate to shallower drift measurements.   
 Once I had the best calculated regression glacial drift, (depth to bedrock), I 
was able to use the equation of ƒₒ= Vs/4h, (ƒₒ is the fundamental resonance frequency, Vs 
is the shear velocity, and h is the glacial drift) to calculate the shear velocity, Vs= ƒₒ*4h.    
With the fundamental resonance frequency obtained by the HVSR I can calculate 
glacial drift and shear velocity with more confidence than with interpolated data.  The 
velocity obtained in the shallow subsurface (less than 30 meter glacial drift) indicates a 
soft soil.  The average velocity increases with increased glacial drift and indicates a stiff 
soil.  Two seismic investigations were performed within areas lying northeast and 
southwest of the study site, within the county of Geauga, in the township of Montville 
(Larsen, et al., 2006), and in the county of Knox, in the township of Morgan (Larsen et al.  
2010), respectively.  The shear velocities of the shallow subsurface (less than or equal to 
30 meters) found within these study sites indicates stiff soils.  My shear velocities 
indicate soft to stiff soils within the shallow subsurface (less than or equal to 30 meters).    
 Other characteristics that were observed were the maximum H/V Ratio and the 
Half-Width spread of the H/V resonance frequency curve displayed in Appendix H.  
Table J.3 titled, H/V Peak Trough Frequencies and Amplitudes with Glacial Drift 
Thickness, displays the actual recorded maximum of the H/V Ratio. 
The structures within the bedrock influence the H/V ratio of the resonance 
frequency.  The higher ratio of H/V indicates a concave structure within the bedrock.  




resonance frequency curve is described by using the Half-Width.  Half-Width spreads of 
greater than 3 indicate the glacial drift is less than 30 meters.  A Half-Width of greater 
than 2 tends to have H/V ratios greater than 20.  Table J.4 titled, Fundamental Resonance 
Frequency, H/V Ratio, Calculated Glacial Drift and Half Width Descriptions displays the 
spread in frequencies of the Half-Width H/V resonance frequency curve.  Suggested 2-D 
structure, shows the suggested bedrock structure as indicated by the maximum H/V ratio 
and half-width.  
Once all of the data was obtained I could compare the results with the bedrock 
contour map which shows the bedrock structures hidden beneath the glacial till.  This 
comparison shows a strong association between 2-D structures and surface wave 
behavior.  My study site is complex but with this technique I can describe the shallow 












































04 5.8 50 11 0 15 3.5 255 Convex 
05 2.0 32 63 55 40 0.7 504 Concave 
08 7.5 9 7 10 10 3.2 210 Convex 
09 1.3 65 137 100 60 0.6 685 Concave 
10 7.5 13 7 10 10 5.3 210 Convex 
13 5.0 13 14 17 25 1.7 280 Convex 
19 5.7 21 11 14 5 4.1 251 Convex 
20 1.7 36 83 61 60 2.3 564 Concave 
22 7.3 14 8 10 25 4.6 234 Convex 
28 2.0 36 63 55 25 1.1 504 Concave 
40 1.2 19 147 0 25 1.0 706 Concave 
41 2.5 79 44 41 20 1.4 440 Concave 
42 1.6 66 92 73 20 1.3 589 Concave 
44 4.3 23 18 20 50 2.2 310 Convex 
45 4.3 43 18 20 70 1.6 310 Convex 
Table 3. 
There is an inherent circular logic within the two formulas that were utilized to 
predict glacial drift and shear velocity.  In Figure 22 this relationship is shown by the 
power function equation:   𝑦 = 𝑎𝑓
𝑜
𝑏 ,   according to Parolai (2002) and Ibs-von Seht and 
Wohlenberg (1999).    Here y is the glacial drift thickness, ‘𝑓𝑜’ is the fundamental 
resonant frequency, ‘a’ is a constant, and ‘b’ is the exponent.    The second equation in 
question is: fₒ= Vs/4h, (ƒₒ is the resonance frequency, Vs is the shear velocity, and h is 




frequency dependency upon the glacial drift. I feel confident using these two equations as 
they rely on the only true measurement that was possible at each seismometer location, 
the fundamental resonant frequency, ‘𝑓𝑜’.     
 6.2 Conclusion  
I have demonstrated that the glacial till influences the resonant frequency.  This 
influence, in conjunction with the varying thicknesses of glacial till within a small area, 
makes it necessary to obtain an accurate measurement of the drift at each chosen location.  
Future work could include performing other studies such as shear wave refraction or a 
Multichannel Analysis of Surface Waves (MASW) at the sites to corroborate or 
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8.0  Appendix A 
On Site Images 
Site 04 
This site is a working dairy farm that milks cows twice a day.  There is a flowing gas well 
nearby.  The seismometer is placed in the middle of the field.  The road receives some 











Figure A.2.  Facing North at Site 04. Plywood in foreground covering hole in which the 
seismometer is placed.  Also you can see the storage gas tank and pipeline. 
 
 






Figure A.4.  Facing South at Site 04. 
 





Site 05  
The seismometer is located behind the house.  It is in close proximity to highway 
Manchester Road.  It is common to see traffic so we must be aware of highway noise 
within our data.  Behind the seismometer is a field and a flowing gas well is next to the 
seismometer.  Images 7 – 10 depicts the area from the ground facing north, south, east 
and west. 
 





Figure A.7.  Facing North at Site 05. 
 





Figure A.9.  Facing South at Site 05. 
 






This seismometer is placed behind the house located along Manchester Road.  There is a 
new well being completed during the seismometer deployment.  Common local traffic, 
and traffic bringing pipeline in to the area towards the end of recording.  The traffic came 
from the south and elbows towards the well.  Other activity includes trenching, burying 
pipes, welding, and test fitting pipes, grading of the soil and tying into the existing 
pipeline. Well was not flowing when deployment was completed.  Images 12 – 15 depict 











Figure A.12.  Facing North at Site 08. 
 





Figure A.14.  Facing South at Site 08. 
 





The area this seismometer is placed in is peat, a wet land, bouncy soil.  No traffic to road 
north of site.  Local traffic noise only.  There is a long lane to reach the seismometer 
location.  The nearby well was not flowing for first half of recording time.  Somewhere in 
middle of recording time the well has changed to a flowing well.  This is a fairly quiet 
site, situated one third mile from hydrofrac site and a surface flowing well that is active 
the entire deployment time.  Images 17 – 20 depict the area from the ground facing north, 











Figure A.17.  Facing North at Site 09. 
 





Figure A.19.  Facing South at Site 09. 
 






The seismometer is placed one quarter mile from north road, one half mile from south 
road, far away from most traffic noise.  There were snow mobile tracks in the field so we 
must be aware that there will affect our data.  An 8 inch gathering line runs east and west 
about 100 feet north of the well site.  There is a fence and tree row to the north of the well 
that the pipe line runs just inside of the fence.  There is also a 4 inch line from the well 
which runs due north and ties into this gathering line.  Both of these lines are buried at 36 












Figure A.22.  Facing North at Site 10. 
 





Figure A.24.  Facing South at Site 10. 
 





Seismometer is close to a school.  Close to Jenny Road.  A new well is drilled but not 
flowing during the course of the deployment.  Activity is recorded during the work day.  
Venting liquid out of pipeline as some point during the middle of the day.  It was 
typically a quiet site.  Images 27 – 30 depict the area from the ground facing north, south, 
east and west. 
 





Figure A.27.  Facing North at Site 13. 
 





Figure A.29.  Facing South at Site 13. 
 





The seismometer is placed within the state park behind the caretaker’s house in woods 
away from the house.  The only traffic close to this location is the caretaker and his wife.  
There is no well close to the seismometer. Images 32 – 35 in depict the area from the 
ground facing north, south, east and west. 
 





Figure A.32.  Facing North at Site 19. 
 





Figure A.34.  Facing South at Site 19. 
 






The seismometer is placed within a fenced area surrounded with some tanks.  There is 
only local residential traffic within the area.  There is a 30 inch diameter pipeline buried 
approximately 36 inches deep within 3 meters of the seismometer.   
 





This seismometer is located near a traffic cell tower and a veterinarian has an established 
business close by.  Manchester Road is located to the west of the site as well as a 
producing well.  There is evidence of deer activity around the seismometer.  A generator 
that is used for power outages is close by.  This is in a residential area so it is fairly quiet.    
 





Manchester Road is east of seismometer location.   There is a Dominion Service Area 
that also lies to the east of the seismometer location.  There is a flowing well near the site.  
Deer activity is prevalent in the area along with hunting activity.  It is a fairly quiet area 
far from all major activity.  There is a flowing creek and the site was flooded early in the 
deployment.  Images 39 – 42 depict the area from the ground facing north, south, east and 
west. 
 





Figure A.39.  Facing North at Site 28. 
 





Figure A.41.  Facing South at Site 28. 
 






This seismometer is placed next to producing gas well.  However, it is isolated in a field.  
Once a week a well tender comes to check on the producing well.  It is a fairly quiet site 
with some local traffic.  Images 44 - 47 depict the area from the ground facing north, 
south, east and west. 
  





Figure A.44.  Facing North at Site 40.  Dr.Watts in background. 
 





Figure A.46.  Facing South at Site 40. 
 






The seismometer is placed not far from the farm house so we must be aware of noises 
such as wind banging doors and the water well nearby.  There is also a flowing well close 
by.  There are horses that are kept on the property. Images 49 - 52 depict the area from 
the ground facing north, south, east and west. 
  





Figure A.49.  Facing North at Site 41. 
 





Figure A.51.  Facing South at Site 41. 
 





This seismometer is placed close to a wetland with a flowing well close by.  It is located 
in the back of the field.  There is minimal traffic noise.  
  





The seismometer is close to the airport and a flowing well.  A Fed Ex building is close by 
and is responsible for the traffic in the area.  We need to look for gas bubbles and other 
such noises as the well is swabbed.  Images 55 - 58 depict the area from the ground 
facing north, south, east and west. 
 






Figure A.55.  Facing North at Site 44. 
 





Figure A.57.  Facing South at Site 44. 
 





The seismometer is placed out in the middle of a field and the well that is close by in shut 
in or not flowing.  Very quiet site with only local traffic.  Images 60 - 63 depict the area 
from the ground facing north, south, east and west. 
 






Figure A.60.  Facing North at Site 45. 
 





Figure A.62.  Facing South at Site 45. 
 








9.0  APPENDIX B 
H/V Ratio: All Sundays, All Sites, Quiet Hour 4-5 AM, 0-50 Hz. 
 
 













































































































































































































































































































































































































































































































































































































Figure B.28.  H/V Spectral Ratio for Site 19, February 21, 2010 at 4-5 AM.  
 
 


















































































































































































































































































































Figure B.42.  H/V Spectral Ratio for Site 42, February 21, 2010 at 4-5 AM.  
 
 


























































































10.0 APPENDIX C 
H/V Ratio:  All Sites, Common Day, 10-50 Hz., Quiet and Noisy Hour 
 
 




































































Figure C.4.  H/V Spectral Ratio for Site 05, February 3, 2010 at 1-2 PM.  
  
 









































Figure C.6.  H/V Spectral Ratio for Site 08, February 3, 2010 at 1-2 PM.  
 
 






























































































































Figure C.12.  H/V Spectral Ratio for Site 13, February 3, 2010 at 1-2 PM.  
 
 





















































































Figure C.16.  H/V Spectral Ratio for Site 20, February 3, 2010 at 1-2 PM.  
  
 

















































































Figure C.20.  H/V Spectral Ratio for Site 28, February 3, 2010 at 1-2 PM.  
 
 









































Figure C.22.  H/V Spectral Ratio for Site 40, February 3, 2010 at 1-2 PM.  
 
 








































Figure C.24.  H/V Spectral Ratio for Site 41, March 1, 2010 at 1-2 PM.  
 
 








































Figure C.26.  H/V Spectral Ratio for Site 42, March 1, 2010 at 1-2 PM.  
 
 































Figure C.28.  H/V Spectral Ratio for Site 44, March 13, 2010 at 1-2 PM.  
 
 






































































11.0 APPENDIX D 
H/V Ratio, Site 09, February 3, 2010, Diurnal Changes, 0-50 Hz. 
 
 
Figure D.1.  H/V Spectral Ratio for Site 09, February 3, 2010 at 12PM -1 AM.  
 
 



































Figure D.3.  H/V Spectral Ratio for Site 09, February 3, 2010 at 2-3 AM.  
 
 











































Figure D.5.  H/V Spectral Ratio for Site 09, February 3, 2010 at 4-5 AM.  
 
 





































Figure D.7.  H/V Spectral Ratio for Site 09, February 3, 2010 at 6-7 AM.  
 
 




































Figure D.9.  H/V Spectral Ratio for Site 09, February 3, 2010 at 8-9 AM.  
 
 



































Figure D.11.  H/V Spectral Ratio for Site 09, February 3, 2010 at 10-11 AM.  
 
 







































Figure D.13.  H/V Spectral Ratio for Site 09, February 3, 2010 at 12-1 PM.  
 
 




































Figure D.15.  H/V Spectral Ratio for Site 09, February 3, 2010 at 2-3 PM.  
 
 





































Figure D.17.  H/V Spectral Ratio for Site 09, February 3, 2010 at 4-5 PM.  
 
 








































Figure D.19.  H/V Spectral Ratio for Site 09, February 3, 2010 at 6-7 PM.  
 
 




































Figure D.21.  H/V Spectral Ratio for Site 09, February 3, 2010 at 8-9 PM.  
 
 




































Figure D.23.  H/V Spectral Ratio for Site 09, February 3, 2010 at 10 -11PM.  
 
 










































12.0 APPENDIX E 




































































Figure E.3.  H/V Spectral Ratio for Site 09, February 1, 2010 at 4-5 AM.  
 
 





































Figure E.5.  H/V Spectral Ratio for Site 09, February 2, 2010 at 4-5 AM.  
 
 




































Figure E.7.  H/V Spectral Ratio for Site 09, February 3, 2010 at 4-5 AM.  
 
 





































Figure E.9.  H/V Spectral Ratio for Site 09, February 4, 2010 at 4-5 AM.  
 
 






































Figure E.11.  H/V Spectral Ratio for Site 09, February 5, 2010 at 4-5 AM.  
 
 


































Figure E.13.  H/V Spectral Ratio for Site 09, February 6, 2010 at 4-5 AM.  
 
 














































13.0 APPENDIX F 
Hand Drawn Fundamental Resonance Peak Frequency and Trough 
 
 






Figure F.2.  H/V Spectral Ratio for Site 08 February 3, 2010 from 4 – 5AM.   
 


















Figure F.6.  H/V Spectral Ratio for Site 19 February 3, 2010 from 4 – 5AM.   
 
 







Figure F.8.  H/V Spectral Ratio for Site 22 February 3, 2010 from 4 – 5AM.  
   
 
 
Figure F.9.  H/V Spectral Ratio for Site 28 February 3, 2010 from 4 – 5AM.  
 






Figure F.10.  H/V Spectral Ratio for Site 40 February 3, 2010 from 4 – 5AM.  
   
 
Figure F.11.  H/V Spectral Ratio for Site 41 March 1, 2010 from 4 – 5AM.  
 
 





Figure F.12.  H/V Spectral Ratio for Site 42 March 1, 2010 from 4 – 5AM.  
  
 
Figure F.13.  H/V Spectral Ratio for Site 44 March 13, 2010 from 4 – 5AM.  
 




























14.0 APPENDIX G 


























Figure G.2.  H/V Spectral Ratio for Site 05 February 3, 2010 from 4-5 AM. 
 
 







































Figure G.4.  H/V Spectral Ratio for Site 09 February 3, 2010 from 4-5 AM. 
 
 






































Figure G.6.  H/V Spectral Ratio for Site 13 February 3, 2010 from 4-5 AM. 
 
 







































Figure G.8.  H/V Spectral Ratio for Site 20 February 3, 2010 from 4-5 AM. 
 
 



































Figure G.10.  H/V Spectral Ratio for Site 28 January 24, 2010 from 4-5 AM. 
 
 






































Figure G.12.  H/V Spectral Ratio for Site 41 March 1, 2010 from 4-5 AM. 
 
 








































Figure G.14.  H/V Spectral Ratio for Site 44 March 14, 2010 from 4-5 AM. 
 
 


































15.0 APPENDIX H 
Half-Width All Sites, Quiet Hour, 4-5 am, Common Day. 
 
 
Figure H.1.  H/V Spectral Ratio for Site 04 February 3, 2010 from 4 – 5AM.  Depicting 

















Site 04 034 090003 H/V Half-Width 





Figure H.2.  H/V Spectral Ratio for Site 05 February 3, 2010 from 4 – 5AM.  Depicting 




Figure H.3.  H/V Spectral Ratio for Site 08 February 3, 2010 from 4 – 5AM.  Depicting 






































Figure H.4.  H/V Spectral Ratio for Site 09 February 3, 2010 from 4 – 5AM.  Depicting 




Figure H.5.  H/V Spectral Ratio for Site 10 February 3, 2010 from 4 – 5AM.  Depicting 






































Figure H.6.  H/V Spectral Ratio for Site 13 February 3, 2010 from 4 – 5AM.  Depicting 




Figure H.7.  H/V Spectral Ratio for Site 19 February 3, 2010 from 4 – 5AM.  Depicting 









































Figure H.8.  H/V Spectral Ratio for Site 20 February 3, 2010 from 4 – 5AM.  Depicting 




Figure H.9.  H/V Spectral Ratio for Site 22 February 3, 2010 from 4 – 5AM.  Depicting 








































Figure H.10.  H/V Spectral Ratio for Site 28 January 24, 2010 from 4 – 5AM.  Depicting 




Figure H.11.  H/V Spectral Ratio for Site 40 February 3, 2010 from 4 – 5AM.  Depicting 






























Site 40 034 090003 H/V Half-Width 





Figure H.12.  H/V Spectral Ratio for Site 41 March 1, 2010 from 4 – 5AM.  Depicting 
the Half-Width observations. 
 
 
Figure H.13.  H/V Spectral Ratio for Site 42 March 1, 2010 from 4 – 5AM.  Depicting 









































Figure H.14.  H/V Spectral Ratio for Site 44 March 13, 2010 from 4 – 5AM.  Depicting 




Figure H.15.  H/V Spectral Ratio for Site 45 March 13, 2010 from 4 – 5AM.  Depicting 







































16.0  Appendix I   










Figure I.1.  Enlarged January Temperature, Barometric, Wind Speed 


































Figure I.5.  Enlarged March Temperature, Barometric, Wind Speed, and 






















LATITUDE AND LONGITUDE COORDINATES AND OSPN OF SEISMOMETER 
LOCATIONS 
SITE LONGITUDE LATITUDE OSPN X OSPN Y ELEVATIONS  
IN METERS 
04 -81.554808 40.894969 679642.6023 136829.0768 324 
05 -81.566311 40.910753 678654.6096 138571.278 309 
08 -81.558672 40.928103 679277.3151 140504.7271 332 
09 -81.550803 40.919539 679950.365 139560.97 292 
10 -81.549483 40.910444 680072.552 138552.2804 339 
13 -81.55695 40.936175 679412.6438 141402.6039 354 
19 -81.560833 40.97085 679044.2074 145249.381 328 
20 -81.5572 40.973944 679346.2544 145596.2379 305 
22 -81.564539 40.944889 678763.2229 142363.3213 355 
28 -81.570014 40.925758 678324.9065 140234.0915 298 
40 -81.555097 40.858294 679662.3741 132756.4706 210 
  41   -81.553725   40.915594  679709.0054  139120.2456  296 
42 -81.549392 40.915467 680074.1381 139110.1131 299 
44 -81.446517 40.905417 688752.9877 138093.7502 353 











DATES AND TIMES OF OPERATIONS 






04      1/15/10  15:00      2/19/10  17:00 
05 1/15/10  14:00 2/25/10  10:00 
08 1/16/10  11:00 2/19/10  11:00 
09 1/16/10  9:00 3/5/10  10:00 
10 1/16/10  13:00 3/4/10  13:00 
13 1/15/10  14:00 2/4/10  8:00 
19        1/29/10  13:00       2/25/10  14:00 
20 1/23/10  17:00 2/4/10  12:37 
22 1/23/10  14:00 3/5/10  9:00 
28 1/15/10  10:00 1/27/10  13:09 
40 1/23/10  13:00 2/25/10  9:00 
41 2/19/10  13:00 3/16/10  12:00 
42 2/19/10  14:00 3/5/10  14:16 
44 3/12/10  11:39 3/16/10  14:07 


































Thickness Thickness Drift 
Thickness 
 (Hz)  (Hz)  (Meters) (Meters) (Meters) 
04 5.8 15 10.2 2.8 50 11 0 
05 2 40 4 2.9 32 63 55 
08 7.5 10 11 0.4 9 7 10 
09 1.25 60 5 0.4 65 137 3100 
10 7.5 10 10 0.4 13 7 10 
13 5 25 12 0.7 13 14 17 
19 5.7 5 12 0.5 21 11 14 
20 1.7 60 4.5 4.7 36 83 61 
22 7.3 25 15 0.9 14 8 10 
28 2 25 6.5 7.2 36 63 55 
40 1.2 25 7 3.3 19 147 0 
41 2.5 20 8 1.6 79 44 41 
42 1.6 20 5 1.5 66 92 73 
44 4.3 50 12 1.9 23 18 20 















FUNDAMENTAL RESONANCE FREQUENCY, H/V RATIO, 
CALCULATED GLACIAL DRIFT THICKNESSES, AND 
















Half - Width 
04 11 5.8 15 4.5 - 8 3.5 
05 63 2 40 1.8 - 2.5 0.7 
08 7 7.5 10 5.3 - 8.5 3.2 
09 137 1.25 60 0.9 - 1.5 0.6 
10 7 7.5 10 4.7 - 10 5.3 
13 14 5 25 3.7 - 5.4 1.7 
19 11 5.7 5 3.7 - 7.8 4.1 
20 83 1.7 60 0.9 - 3.2 2.3 
22 8 7.3 25 5.4 - 10.0 4.6 
28 63 2 25 1.5 - 2.6 1.1 
40 147 1.2 25 0.9 - 1.9 1 
41 44 2.5 20 1.3 - 2.7 1.4 
42 92 1.6 20 0.9 - 2.2 1.3 
44 18 4.3 50 3.6 - 5.8 2.2 














































































04 5.8 50 11 0 1160 255 0 
05 2 32 63 55 256 504 440 
08 7.5 9 7 10 270 210 300 
09 1.25 65 137 100 325 685 500 
10 7.5 13 7 10 390 210 300 
13 5 13 14 17 260 280 340 
19 5.7 21 11 14 479 251 319 
20 1.7 36 83 61 245 564 415 
22 7.3 14 8 10 409 234 292 
28 2 36 63 55 288 504 440 
40 1.2 19 147 0 91 706 0 
41 2.5 79 44 41 790 440 410 
42 1.6 66 92 73 422 589 467 
44 4.3 23 18 20 396 310 344 
45 4.3 43 18 20 740 310 344 
Table J.5. 
 
